Glucose is primarily derived from plant metabolism; it is the primary source of energy for cellular respiration in living organisms. Bioethanol, which is used as fuel, can be obtained from the fermentation of biomass. This article summarizes the current methods of separating glucose and bioethanol. Glucose is generally analyzed by liquid chromatography using a range of sorbents.
Introduction
Carbohydrates are the most abundant bioactive compounds in all kinds of natural plants, and are the building units of natural products, complex carbohydrates and molecules (1) . Monosaccharide glucose is one of the most important and common carbohydrates in biology. Cells use glucose as their primary source of energy and as a metabolic intermediate. In addition, glucose is one of the primary products of photosynthesis and a fuel for cellular respiration. In humans, glucose is not only a primary food constituent, but is also responsible for certain biological activities. Although glucose can be assimilated by humans directly from food, large amounts of glucose are required for medicinal or clinical purposes. In this case, glucose needs to be analyzed and purified. High-performance liquid chromatography (HPLC) is one of the most widely used methods. However, to increase the efficiency of analysis and separation, it has been necessary to develop stationary phases, new detection methods and other chromatographic technologies.
At present, energy consumption has increased rapidly, but fuel resources have decreased. In this case, new biofuels have become increasingly important. Bioethanol from natural plants is one of the most promising fuels because it is obtained from renewable sources via fermentation processes and is environmentally friendly (2) (3) (4) . It enhances the efficiency of an engine and is an excellent engine cleaning agent (5, 6) . National bioethanol programs in many countries consider both the demand for fuel ethanol and environmental aspects (7, 8) . Bioethanol can be produced from a range of sources with high sugar contents, or materials that can be converted to sugars, such as straw, corn, sugar cane, sugar beet and even sweet sorghum (9) . After the hydrolysis of natural plants with special enzymes and certain methods, large amounts of glucose can be obtained. Also, glucose has the highest fermentation ratio, so it is acceptable as a raw material for bioethanol (10) .
After fermentation, the primary components of the aqueous solvent are ethanol and water. Separation is necessary to purify the ethanol from the solvent. Distillation is the most traditional and widely used method (11) . Nevertheless, an assistant solvent can be added to the ethanol-water system to achieve high efficiency and reduce the energy costs.
Separation of Glucose
To obtain highly purified glucose, separation method must be used. HPLC is an efficient method for the separation and determination of a range of chemical compounds. A sorbent with amino groups ( -NH 2 ) (12 -14) or ion-exchange resin (15) are common stationary phases in HPLC for the separation of monosaccharides. Sulfonated cross-linked styrene divinylbenzene cation exchange resin (16) is a typical separation media for ion-exchange chromatography and is widely used in industrial separation (17, 18) . Therefore, NH 2 -based silica sorbents have been applied on a small scale to separate sugar mixtures, with elution generally in the order of increasing molecular weight.
Methods based on HPLC
HPLC is a very promising tool for separating glucose. A combination of different detectors with LC allows the selective determination of single carbohydrates down to the picomole level (Table I) . HPLC with a refractive index (RI) detector is one method for detecting glucose, because glucose in water has a strong signal in the RI detector (19) . However, the resolution in the results described by Caba´lkova´et al. is so low that glucose cannot be well separated because there is only a hydrogen bonding interaction between sorbent and glucose. Pulsed amperometric detection (PAD) is well suited for sensitive carbohydrate analysis, even in intricate matrices such as plant extracts. PAD uses a triple-step potential waveform to combine amperometric detection with alternating anodic and cathodic polarization to clean and reactivate the surface of the electrode. It has gained prominence as a selective and sensitive technique for the determination of carbohydrates because it involves oxide-free detection (20, 21) . Using the ion exchange system of the stationary phase, this method can be used to separate glucose from plant extracts within a short time, but the separation is not highly efficient.
Electrospray ionization mass spectrometry (ESI-MS) is a powerful analytical chemistry technique used in many applications; this method combines the physical separation capability of HPLC with the mass analysis capability of MS. MS has major advantages owing to its high sensitivity and mass selectivity (22) , and has been used as an alternative technique for analyzing sugars (23) such as glucose. By using this method and with ion exchange interaction, glucose can be well separated within a short time.
HPLC with an evaporative light scattering detector (ELSD) is another excellent method for the determination of sugars (glucose, fructose and sucrose), although the retention time is longer than with other methods (24) . Glucose can be separated by using different columns with size exclusion or amino sorbents (25, 26) , even with a low temperature ELSD (ELSD-LT) (27) . This method is simple, accurate, precise and specific, and has the ability to separate glucose from natural extracts. The simplicity of this method makes it suitable for applications to laboratories.
During separation, some studies have fixed the detector and made some modifications to HPLC. High-temperature liquid chromatography (HTLC) has been used with an ELSD (28) . HTLC uses pure water as the mobile phase, considerably reducing the analysis time and allowing higher temperatures (. 1008C), which can reduce the retention times of the analytes without any degradation of resolution. Terol et al. (28) reported that glucose could be separated by ion exchange interaction within a short time (1.3 min), but the resolution was less than 0.8. The use of PAD and high-performance anion-exchange chromatography (HPAEC) with pellicular resins performed under alkaline conditions is a powerful technique for analyzing soluble carbohydrate polymers (29) . A high resolution and highly sensitive detection of soluble carbohydrates, including polymers, can be achieved with or without sample derivatization (30) . The retention time of glucose using this method is quite short and the compound can be well separated. However, hydrophilic interaction liquid chromatography (HILIC) was developed as a more efficient method to separate glucose. Ikegami et al. (31) examined a monolithic silica-based column ( Figure 1 ) and the resolution of glucose was much higher than other methods.
Other separation methods Gas chromatography (GC) is a popular method that has been used to analyze sugars, but GC-MS analysis has rarely been applied except for the analysis of monomers derived from polysaccharide hydrolysis (32, 33) . Kobayashi et al. compared the spectra from MS and flame ionization detection (FID) in the separation of glucose. The resolution from the MS spectra was slightly higher than FID spectra (34) . As another alternative technique, capillary zone electrophoresis (CZE) has been selected for the determination of sugars. This method is a powerful separation technique that can provide high resolution efficiency; it is becoming a standard tool for the analysis of many compounds. The advantages include an ultrasmall sample volume, low solvent consumption, low analysis time, high-resolution separation and minimal sample preparation (35). Wang et al. (36) and Yang et al. (37) separated glucose by using CZE with different detectors. With the retention time increased, the glucose can be satisfactorily separated.
Separation based on new sorbents
Amino-based silica sorbents are widely used in HPLC columns. However, this type of sorbent gradually becomes damaged with increasing water proportions. Some new sorbents have been developed to overcome this weakness and to increase the efficiency.
Kotoni et al. prepared a urea-type HILIC stationary phase (USP-HILIC) and a urea-type phase bearing free amino groups (USP-HILIC-NH 2 ). Silane with functional groups was used to modify the silica surface to separate glucose. Glucose could be separated, but not efficiently (38) . Moreover, an ionic liquid (IL) with green and excellent chemical properties has been based on silica (IL-silica). This new sorbent has been used as the stationary phase in HPLC. Bi et al. developed several IL-silica materials and applied them to separate glucose. Glucose could be well separated because of the interaction between the cation and anion on the IL (39) . Polymer has been investigated as another widely used sorbent. Chilamkurthi et al. measured strong cation exchange resins with four different ionic forms to separate glucose. The results revealed that K þ and Ca þ were more selective (40) . IL was also used to modify porous polymers and Tian et al. used the modified IL-polymer to separate glucose (Figure 2) . The IL-polymer allowed accurate recognition of glucose because of the large surface area and the strong interaction of functional groups (41) .
Separation of Ethanol from Water
Effect of IL in ethanol -water separation ILs are formed by cations and anions. They show a negligible vapor pressure at normal temperature and pressure conditions. In addition, their low viscosity, thermal stability and capability as solvents can make them a new alternative in different processes. Because of their lack of vapor pressure, ILs are used less often in technical applications than volatile organic solvents (42) . In this case, ILs are used for the separation of azeotropic ethanol-water mixtures (Table II) .
In ILs, the anion has been reported to show an obvious change in the relative volatility of the low-boiling component (43) . 
Separation of ethanol by new materials
Silica has a porous structure, large surface area, thermal stability and high mechanical strength, and is used widely in separation research. As a substrate, many modifications have been made to increase its separation efficiency (Table III) . Xiangli et al. developed a polydimethylsiloxane (PDMS) material with stable performance for the separation of ethanol from water (47) . The PDMS/ceramic composite membranes exhibited high fluxes for the pervaporation of ethanol -water mixtures, and its performance was far superior to other PDMS membranes. Matsuda et al. coated the surface of the membrane with two types of silicone rubber (KE45 and KE108) (48) . KE108 was found to be more effective in enhancing the ethanol selectivity of silicalite membranes than KE45 due to its high molecular weight and vulcanization.
Pervaporation through a membrane is an efficient separation method, particularly for liquid mixtures. The separation of aqueous alcohol mixtures by a pervaporation technique using a dense homogeneous polymer membrane has attracted considerable attention (49) . Many techniques, such as the use of a composite hydrophilic pervaporation membrane, have been shown to be effective for improving the pervaporation performance of membranes to separate ethanol from water. Jiraratananon et al. examined the effects of a chitosan/hydroxyethylcellulose (CS/ HEC) membrane on the dehydration of ethanol -water mixtures (50, 51) . The ethanol concentration was increased to more than 90%. Ping et al. (52) examined a Nafion membrane and reported an increase in membrane permeability with increasing amounts of absorbed water with the hydration number of the cation (Li þ , Na þ and K þ ). Recently, a hollow fiber composite membrane was developed for the separation of ethanol -water solutions using a pervaporation process. Wei et al. (53) examined a hollow fiber membrane. The carboxyl group showed a strong interaction with water through hydrogen bonding and a membrane containing carbonyl groups selectively permeated water. Finally, 95% ethanol was separated.
Conclusion
The application of HPLC and developed HPLC methods with different stationary phases allow the analysis and separation of glucose according to ion exchange systems and hydrogen bonding interactions. GC and CZE methods also can be used, but with lower separation efficiency. Based on the mechanism of interaction, the functional groups of immobilized silica and polymer sorbents have been obtained and successfully applied to separate glucose.
Furthermore, ILs and developed sorbents were evaluated to separate bioethanol from water in glucose fermentation broth. The IL with methylimidazole as cation was the most potential green solvent. On the other hand, polymer materials with different cations separated bioethanol more efficiently than silica materials. 
